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PASSIVE SOLAR HEATING OF BUILDINGS*

by

J. D, Balcomb, J. C. Iledstromand R. D. McFarland
Los Alamos Scientific Laboratory

Los Alamos, NM87545

ABSTRACT

Passtve solar heating concepts--in which the
thermal energy flow Is by natural means--are de-
scribed according to five general classifications:
dfrect gain, thermal storaqe wall, solar greenhouses,
roof ponds, and convective loops, Examples of e~ch
are discussed. Passive test rooms built at Los
Alamos are described and results are presented,
Mathematical simulation techniques based on thermal
network analysis are given together with validation
comparisons against test room data. Systems analysis
results for 29 climates are pr~scntcd showing that
the concepts should have wi?c ~ppli:ability for sol??
heating.

INTRODUCTION

Solar gains through windows, walls, modified

walls, skylights,clerestorywindows, and roof sec-

tions provide an opportunity to dramatically reduce

the total heating encrqy requirements of a building,

When the thermal energy flow is wholly by natural

means, such as railiation,conduction, and natural

convection, and when solar encrly contributes more

than half of the total outside energy requirements,

then the building is rcfcrrcd to as a p~ssive solar

heated structure.

Passive solar hcatinq works very well. This

has been demonstrated tilncand agoin in a wide var-

iety of buildings loc~tcd in a wide variety of cli-

males. The occ~pants of these buildings testify to

their comfort, to the case of their naturol opera-

tion, and especially to their low fuel bills. A

principal problem, however, has been the lack of a

quantitative basis for Incorporationof the basic

concepts into architectural tcclqn.

z—.- ..—

The ERDA Los Alamos 5cicntific labor~tory hds

been evaluating passive solar hcatinq for one yedr

under the cognizance of the Oivision of Solar En-

ergy Heating and Cooling Research and Dcvcloprent

Branch. The purpose of the two-year LASL program

is to provide the needed quantitative basis for dc-

sign.

Test rooms h,lvcbeen set up at L05 Alamos to

study the bch~vior of passive solar heating Plvvrnts

under carefully controlled conditions, One yc~r of

test data have been obtained on d pair of test rooms

which utilize thermal stor~gc walls concepts, onc

with cylindrical water stora]e tubes and the othrr

with a thick Imasonrywall, The Stora(iewalls are

located behind d vcrtlcal double-glazed WJ1l, @ur-

ing the mid-winter nmntllse~ch of thcr,crooms ho$

an averdgc inside tcmpcraturc 60 to 70”T above t.hr

ambient tcnlpcraturr, The temperature histories in

these rooms are very accurately prcdlctcd by simu-

lation analysis techniques dcvrlopcd at LASL,

‘Work performed undo? the au.pi~uj U[ the U. >, Lnur!)yRcscorch and Development Administration.
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Eleven different buildings have been instru-

mented In order to study passive solar heating ele-

ments within these buildings. These are the Doug

Kelbaugh residence in Princeton, NJ, the Benedictine

Wnastery Dove Publications Building in Pecos, Mi,

four small buildings at the Ghost Ranch in New

Hexlco, the Bernardo Chavez solar greenhouse in

Anton Chico, NH, the Santa Fe First Village Unit

#l, and the residences of Bruce Hunn, Carl Newton,

and Tom Shankland in Los Alamos, NM, Data from

these installationswill be used to validate the

simulation analysis technique.

A comprehensive simulation analysis computer

code has been written to predict the performance

of passive S(

been partial’

and has been

numerous bui

graphic stud

that passive

lar heated buildings. The code has

y validated against test room results

used to predict the performance of

ding geometries, The results of geo-

es done with this code demonstrate

solar heatfng systems can be expected

to work effectively in all U.S. cllmatw..

~cs of Passive Systens

The first and simplest type of passive syste~

iS the direc: j,];n approach in which one simply has

an expanse of glass, USU?!lY double ql?ss, facing

south. The building should have a considerable

thermal mass, either a poured concrete floor or a

massive masonry construction with insulation on

the outside. The building beccnes a livs-in solar

collector. The characteristic sun angles result

in a good situation since the south face is exposed

to a maximum aimwnt of solar energy in the cold win-

ter months when the sun angles are low and a minimum

amount of solar energy in the sumner when the sun

angles are high. Thus the basic seasonal character-

istic of control IS automatic. An example of this

direct gain systm ts the Wallasey school.l

This IS certainly the largest passive s~iar heated

structure in the world and one of the first. It Wds

built in 1962, blt it is lfttlc known. It is a

large building of concrete construction with 7 to

10 in. of concrete furming the roof, the back wall,

the floor and <ide walls with 5 in. of expanded

polystyrene as the insulaf.i~rlout$idc of th~t, The

solar wall Is a expanse of glass, 27 ft tall and

% 230 ft long facinq south, There are two sheets

of glass, the one on the outside is clear and a!)out

2 ft inside of that is a diffusing layer of ql~ss.

[t is a figured glass, so callccl,which rcfrdcL\ the

suns rays, so th,!tit irradiates the roof and Lhr

floor fairly uniforwly, This strlJCtUrC is hra[rd

to about 50” by the sun, the remaining energy for

heating the building comc$ from the lighting and

from the students, The auxiliary systcm which was

originally installed h~s not been nccderi, The

School iS located \rILiverpool, England near the

sc at a latitude of 53” north,

DIRECT GAIN
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Another direct gain syst~ is thehviduright

house in Santa Fe, NW Mexico which uses adobe or

earth brick construction with insulation on the

outside and has a system of shutters which drop

down at night when needed to reduce heat losses.

@z?.. ‘ .,/
,,’

THE DAVID ViRIGt~THoUSE

The direct gain approach can t?ke more com-

plicated forms as shown in this sketch by Mark

Chalom with the use of clerestory windows or sky

lights to provide energy in back rooms.2

The second type of system is the c~~rmaJ SCOr-

agc wall in !:$ichthe themal storage is {n a wall

which blocks the sun after it comes through the

glazing and stores the heat ener9y. The wall in

this case is usually painted black or a dark color

to be a good absorber. It can bcwater in contain-

ers or masonry. A small section of thermal storage

wall was used in the Wdllassey school discussed

.-

THERMAL STORAGE WALL

An example is the Steven Baer house in Albuquer-

que, NM in which the thermal storage wall consists of

55 gallon drums filled with water, laid on their side

provldlng a massive thermal storage. A system of

Sou!hwall

Block polnf ‘“ ~

II _l
‘-~ ‘-Whllc pain?

=.x-z ”.:.’.-”h... -–. -- ——

[

1

Hinged msulollon/le(lec!or
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movable insulation is used in which a door foming

the south wall lowers during a winter day to allow

the sun in and actually reflect some sun onto the

storage, There is a single layer of glass. The

&or can then be raised at night to reduce heat

loss,

A very well known implementationof the stor-

age wall concept is the Trombe house fI Odeillo,

France in which the wall is concrete.3 In the

houses that were built in 1967 the wall IS about

2 ft thick. The primary mechanism for heating the

house is by radiation and convection from the face

of the wall with the thermal energy diffusing

through this thick wall. About 301 of the energy

IS by a thennocirculationpath which operates dur-

ing the day only by natural convection with ports

at the bottom and top. Some data takun on this

system for a period of four days in December of 1974

are for situations in which the ambient temperature

is only slightly above freezing and there are two

sunny days, a cloudy day and then another sunny

day.4 lhe outside surface of the concrete neacs up

to about 140’-I5O’F during the day. The inside

temperature rerr~insat about 85’F fairly uniform,

providing radiant and convective heat to the room

I
~-f

-’ -—----—- —~
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The data taken over a period of one year in-

dicate that about 36’ of the total energy incident

on the wall is effecti.? in heating the buildin!l

during the winter months which is typic~l of a qood

active sol~r heating system. About 70’ of the total

thermal energy rpquircrlby the huildinq (which i~

controlled at a trlrprratul-cof 68°F) was provirlrl

by solar cllcryyover ttis onc y~~r period.
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A sdx of these two concepts Is the solar groen-

hOUSC In which one buildsa greenhouse O!ItO the

south side of a building ufth some kind of thermal

storage wall between the greenhouse and the house.

The temperature in the greenhouse does not require

very good control as long as the plants do not

freeze. Solar energy provides, tyPicallY, all of

the heat required :or ~he greennou%e as nell as

providing substantial energy for heating the house.5

*

;/,
.,
,..
f

,/,.
“/

Efficiency of the solar wall of
the 1967 Trombe house. Each point
represents an average over one
month of data.

The fourth type of design fs the -f Pond in

which the thermal storage is in the ceiling of the

building. In tnis casr! movable insulation is need-

ed because the sun angles are altogether wrong. The

sun prov{des large inputs in the sumner and small

Inputs in thcwintcr. It is a good natural cooling

system hrcause by using movable insulation onc can

tdkp iJdVdfILWu of niqi]lcimt?rdliidtion. TI115L(Jll-

cept has been implcmcntcd in the Atasc,ldrro,CA nou~e

which uses the i!arold IIdy skythcrw concept.

/+’
Mcvable insulation.,
(movesOvercmporl
when roofexposudl

\

\

B
..——.——.

---1

~MekIl cellmgl

THE HAROLD HAY HOUSE
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A system of insulating panels on the roof are Is

used which slide back and forth on tracks. 6 The

wter bags are left exposed to the sky during the

day inthewlnter anddurinq the night in the sun-

wr. This provides heat input in the winter and

heat loss on a summer night. The insulation is

put in place during a winter night to conserve heat

and during a surmer day in order to exclude the

sun which is reflec:ed from the top of the white

panels. This system has worked very well and has

operated without any backup in the rather mild

climate of Atascadero providing good themnal com-

fort in a small building.

The fifth type of passive SyStem is a natural

anvectivs Jmp. The classic thennosiphon water

heater fits into this category. Natural convective

loops which usc airas the heat transport fluid

have been built and work well. A good example is

the Paul Davis house in Corrales, NM.

and wind. A one-hour time step is used to march

through a one year time period and overall energy

flows areaccwmlated on a monthly basis. This

technique is used to characterize the predicted per-

formance of various passive solar heating concepts

which use solar gain through windows and thermal

storage mass walls, The influence of design is

studied by successive computations made with dii-

ferent parameters.

Building Model

The type of thermal network model utilized for

the analysis is showfi in Fig. 1. This represents

a building with a concrete thermal storage wall lo-

cated behind vertical double glazings. Node 5 re-

presents the temperature of the air between the in-

ner glazing and the wall, Nodes 6 and 11 represent

the wall outer and inner surface temperature. The

mass of the wall is equally divided between Nodes

7,8,9 and 10 which represent the temperatures with-

A/+ in the wall at distances of 1/8, 3/8, 5/8, and 718

lItATHIMATICALSIMULATION F,IIALYSIS

Thcnnal network analysis techniques can be used

to predict the pcrfomnce of passive solar heated

buildilqs. The bulldinq te:pcrature state is char-

acterized by 6 to 11 ten”pcr~turesat various loca-

tions--such as air temperature, surface temperatures,

glass temperatures, and the temperature of vdrious

thermal storage rlaterialsat variou~ depths. Energy

balance equations arc set down for each location

accounting for thcnnal energy transport by radia-

t~on, conduction and convection, energy sources

from the sun, lights, peGple, and auxiliary heaters,

and sensible thcmrdl energy stnroqe in the material.

The temperature history of c,]chlocation is then

simult]tcdby solving these cquotions for given iR-

puts of solar radi~tion, ambient air tcmpcraturc

6

of the wall thicknrss from the outer suface. :Iode

2 represents the room (globe) temperature and Hodc

1 represents tne outside ambient air tenpcrdturc.

Solar radiation on a horizontal surface, am-

bient air temperature, and wind velocity are the

input variables to analysis, given at hourly in-

tervals. Solar radiation on a vertical surface is

calculated by separating the horizontal surface data

into direct and diffuse components afldapplying the

proper geometrical transformation as described by

Liu and Jordan.a A ground reflectance of 3.3 is

assumed. The separation of solar radiation ir,m

components is done usinf!the tcchniquc dcscribcd by

Bocsog The transmittance of the glass is cdlculatcd

as a function of incidence angle using the ~rcsncl

relations and accounting for glass absorptdncc,

The trtnsmittancc at normal incidence is 86, pcr

glass layrr. The radiation transmitted through the

glass is all absorbed at !/ode6.

At each hour, nodv temperatures arc calculated

as required to achieve an energy balance at the nfidc.

Energy stowage occurs at only Nodes 7,8,9, and 10.

The thermal energy flow bctwccn noc!csis cal-

culated based on the tcmpcrat.urcdiffcrcncc and

the appropriate II-value. The values of U2, U4, Jnd

U5 include non-llnrar r~didtfon terms. All emit-

tanccs arc set at 0.8, The value of U2 inclucir$a



that if reverse thermclrculatlon Is not
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prohlb~ted then the vents we a net thermal

:& :“, ~

disadvantage to the building.
1s 4 U6 U7 3) Trmbe Uall with Control: The results

% u, % of the normal themoclrculatlon frequently is
mTEn to overheat the building during the day.

aulaas In this option, the vents are closed when-

ever the building temperature is 75°F or
MsmT Ku

t greater. This greatly reduces the requiredxw~f~~;%~,,,,,oo,,,,,,,,,,u,drequ,re,mAnother configuration analyzed is the

SLulxas

Fig. 1. Simulation schematics of the test rooms.

wind-velocity-dependent convsctivc term. The values

of i+, U6, and U7 are a constant 1.0 BTU/hr-eF ftz,

lhe values of us, U9, Ulo, U,l, and U12 rePresent

thermal conduction through the concrete,

In the original version of the masonry thermal

storage wall, as developed by F61ix Trombe and his

colleagues, vent holes are left ~t the bottom and

top of the wall to allow a natural convection air

flow from the room floor level UP through the sPace

between the inner glass and the wall and return to

the roomat the ceiling level. This “thermocircu-

lation” provides a mechanism for instantaneous flow

of heat into the room during the daj’. The conduc-

tance U13 represents this energy flo,~path. The

volumetric air flow is determined frcm the follow-

ing relationship:

.— ._ —- ..

cdA:
J

931(T5- T2)~/H

where Cd vent discharge coeff{cicnt = C.81

Ad = vent opcn!ng ared pcr unit wi~t.h,

= 0.074 ft2/ft

H = wall height = 8 ft

P.= l/T5
Various options are possible as follow’;:

1) iolid Wall: No thcrmocirculatiol is allowed.

2) Trombe tiall:Thermocirculation is allowed

only in the normal direction as previously described.

Reverse themacirculation, as would normally occur at

night, is not permitted. (This can be itnplcncntcd

with thin plastlc film pJssivc d~mpcr drapc,lov~r

the inside of the t6p opening.) It was drtrrmincd

“water wall.” This might consist of cans or

drums of water stacked to form a thermal stor-

age wall. Alternatively, vertical free-

standing cylindrical tubes could be used or

any other means of containing water in a

themal storage wall. When heated by the sun on one

side the water will freely convect to transport the

heat across the wall horizontally and tnus tempera-

ture gradients across the wall will be very small.

“ihewater wall has been analyzed by replacing Nodes

6,7,Ei,9,10and 11 in Fig. 1 witha single Node6

which represents all of the water mass.

In the analysis the room temperature (Node 2)

is always maintained with+n bounds. T,l,irl and T,l,d~,

which are set at 65’F and 75”F, respectively. In

the solution of the equations, two Possible situa-

tions can result:

1) The calculated room temperature falls
within the prescribed bounds Tmin and Tn,Jx.

2) The calculated room temperature is above
T~x or below Tmin.

In the first situation, the room temperature assumes

the calculated value. The second situation results

in two

1)

2)

further possibilities:

The calculttcd room tcmpcrtlturcis lCSS
than T

1.
!n this inst~nc~ ~uxilidry

energyn’? calculated a~ required to hold
the room at Tmin.

The calculated room trn;lrratureIs grr!,’ter
than Tma .

i
In this inst.lnccexcess hmt

is dumpc (to the environwnt, prcsmably
by ventilation) in order to hold Lhc room
at Tmax,

The form of the solutinn is diffcrunt dcpwm4-

Ing on whether thp room temperature is constrained

to a bound or flo~ting in-hctwrcn. In t!w cdcet

where a transition bctwcrn opcrdting modes occurs

during the hour, the hour is ptlrtitiorlcdarwithl>

approprtatc cquatior,tuted in ctichscqmcnt.
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CWAAMON WITH TEST ROOM RESUITS

The vtlidlty of the sifnulatian analysis tech-

niques for two simple concepts is est-blistw?d by

demonstrating that they adequately predict the tem-

~rature behaviorof several small passive test

romIS located in Los Alamos, NM. These test roam

●re small Insulated structures measuring five feet

wide by eight feet deep by ten feet high. The south

five foot by ten foot exposure is glazed with two

sheets of Plexiglas. One test room contains four

twelve inch-diameter fiberglass tubes which stand

●ight feet high directly behind the glass. The

tubes are blackened to absorb solar radiation and

filled with 188 gallons of water. A second test

mum contains a 16-inch concrete wall made of

stacked cast blocks. Vents at the top and kttom

can be opened to allow natural thetmoclrculation of

air. The test rooms are virtually mssless except

for the thetmal storage walls.

On a typfcal mid-winter clear day (Jan. 11)

with an average ambient temperature of 23eF, the

water temperature db mici-neightvaried from 82’F LO

lCI°F and the room interior globe te~perature varied

from 74’F to 94’f. Stratification of water temper-

ature of up to 32’F was observed from the bottom of

the tube to the top of the tube. In the second test

cell, the exterior wall surface temperature varied

from 93°F to 153’F, the Interior wall surface tem-

perature ~~ried from 84’F to 96”F, the top vent

temperature varied fron 84eF to 132°F, and the

room interior globe temperature varied from 74’F

to 98°F. During the longest stormy period of the

winter, for which the ambient temperature held at

roughly 20’F, the interior temperature of both

CC1lS dropped to the yearly minim] of 483F.

The thermdl behavior of both CC1lS is simulated

rnathcmtically using a thermal network of 6-11 in-

terconncctccipoints each of which represents a

ch~ractcristic location within or outsiclcthe test

cell such as air ter:pcraturc.surface temperature,

glazing tcmb~raturc, or the temperature of the ther-

mal storage material at SOCKIdepth within the ma-

terial. Energy balance equations arc written for

each location and solved for the hourly observed

amblcnt tcmpcraturc, solar rcdiation, and wind

conditions. The perfommnce of both test CC1lS ci.sn

be predicted w~thin roughly +_2:F undermost con-

ditions and about (?-Fat the cxtrclps.

8
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Anaddlttonel 12 test ro4m have recently been

costpleted for ●valuating various passive concepts.

Siwlation analysis of these will also tw carried

out forcomparlson with observed temperature his-

torlts.

Test Roan Construction —
A plan viewof the pair of test rooms is given

inFlg. 2. The walls, floor, and celling are all

2“ X 4“ stud-wall Construction uith 3-1/2” fiber-

glass insulation. The exterior is covered with

plywood sheeting and the interior is lined com-

pletely with one-inch polystyrene insulation and

all seams are well caulked. Thus the building in-

terlor mass is negligible coinpared with that of the

various thetmal storage elements added for the

tests. The net calculated thermal conduction co-

efficient (exclusive of the south wall and the

Camnon wall) between the building interior and the

ambient exterior temperature is 0.23 BTU/”F-hr per

square foot 01” south glazing.

The entire 50 square-iout soutilwail of e~ch

test room is glazed with two sheets of 1/8” Plexi-

glas sheet sep~rated by a 1/2” air gap. The roo:l<

are actually oriented with the south wall facing

13° east of due south.

MWJQ.W5
Two different thermal storage wall concepts

have been evaluated in the test rooms. The “water

wall” consists of four 12’’-diameter fiberglass

tubes which are free standfng behind the glazing

separated by 2,4” from one another and the side

walls. During most nf the winter, these spaces

and the two-foot space abGve the tubes were blocked

with 2“-thick polystyrene il;sulationcut to fit

The second test room contained a thermal s’

age wall. An original wall consisting of 8“ so’

blocks of cinder block was replaced for most of

winter with a 16” wall sta(.kedfrom 6“xB’’xI6”

blocks of solid cast concret.~. Thrc~ 3“xR” bolt

or-

id

the

s

were left open ncdr the bottom and also near the

top to allow air to thcnnocirculatc from the room

floor lCVC1 UIJ through the 6“ space bctwccn the

wall and the glazing and return at the room ceilinq

lCVC1. The holes were block.cdduring portion’,of

the test year, Icft open day and night during othnr

times, and opcnmi during the d~y only at ot!]crt.ir,,,~.
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Fig. 2. Plan vl~of passive test roam,

mall-ktssa

Storage masses were as follows:

Thermal Storage/Glazed Area

BTU/°F-ft2

kiater-wal 1 35
Masonry wall 32.5

General Results——-— .— —
The test rooms were very well heated by the sun.

Average room temperatureswere 60 to 70”F above the

ambient avcracjc temperature durfng typical sunny

midwinter days. The minimum temperature in the one

room was very nearly equal to the nini~um tcmpera-

turfi in the other room each night throughout the

winter. Daily room temperature variations were

approximately as follows:

Water wall: TO°F

Masonry wall:
Vents closed ll°F
Vents open 24°F

Thus the main effect of the thermocirculationvents

is to provide direct heat to the room during the day.

This increases the daily swing and although the

dally average room temperature is larger by about

5°F, it does not noticeably change the minimum room

temperature. The maximum inside wall surFace tem-

perature occur% at roughly 4:00 p.m. on the water

wall and at 8:00 to 10:00 p.m. on the masonry wall.

Simulation Rodcl.— .-. -.—----
Thermal network models of the two test-room

configurations are shown in Fig. 1. The thermal

conductance used in the analysis are as follows

(all values arenormalizcd to one square foot

glazing, ft~): Water wall and masonry wall:

9

.

of

u, m

U2 =

a=

c =
1

‘3 =
U3 =
U4 r.

U5 ■

‘load” = 0,23 BTU/hr°F ft2
9

radfatlon + exterior film conduction

(T; +T;)(T1 +T3)
radiation ■

l/q + l/c3 - 1

exterior film conduction ■ 4 BTU/hr°F ft~
(for an average wind specdof 7.5 mph)

Stefan-Bo tzmann Constant ❑ 1.713x10-9
1BTU/hr ft ‘F4

0.8 (Plexiglas)

0.8 (ambient)

U6 = U7 = 1.0 BTU/hr ‘F* ftg

radiation + conduction

radiation similar to U2 with c ❑ c = 0.8

~, (l~2° spfice)conduction = 0.36 BTU/hr ‘F ft

radiation similar to U2 with C5 = c6 r O.@

Masonry Wall:

U8’ U,2 = 4.7 BTU/°F ft~ (2” concrete)

U9 = U,o=u,, = 2.35 BTU/”F hr ft~ (4’’concretc)

The mass heat capacity of all nodes is zero except

as follows:

Water Uall: Node 6 heat capacity = 35 BTU/”F ft2

Masonry Wall:
9

Nodes 7,8,9 and 10 heat capacity

= 8.1 BTU/°F ft;

Input to the simulation model are instantanccws

hourly values of measured ambient temperature (/lode

1) and also the solar radidtion nicasured on a ver-

tical surface parallel to the glazing, integrated

over one hour.

Solar transmittance through the glazing is

calculated accounting for both rresnel reflcctlon<

and for absorption in the glazing based on the cal-

culated incidcncc angle. This leads to an energy
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source term into Mode 6. For the watar wall, 30Z

of the transmitted solar radiation is reflected out

by the Ilght polystyrene blocks between and above

the tubes. For the masonry wall this ts 20%.

Uiwn the vents areopen the air flow rate due

to themoclrculation Is estimated assuning the major

flow resistance to be In the vents. The temperature

distribution in the wall-glass air space Is assumed

to be linear so that 15 fs the arithmetic average

of the Inlet and outlet air space temperatures.

The room temperature Is assumed to be constant, so

the inlet air space temperature is the”roan temper-

ature, T2.

Hhen the vents are closed there is no thenm-

circulation accounted for and all the solar heat

transfer to the room is by conduction through the

wall.

Temperatures arecalculate~ each hour as re-

quired to dchieve an energy balance at each node

point, Since the thermal conductance are nan-

linear, this is done by iteration around a linear

equation soliing routine.

CoJ--yqlspn

Comparison ofcalculatcd and measured tem-

peratures have been made for the period Decenibcr

31, 1976 to January 6, 1977 during which the ther-

mocirculation vents were open and during the period

January 10 to 21 when the vents were blocked. The

first interval ij a period of err~tic weather with

three scpar~te snowfalls and SOIIIe bright sunny in-

tervals. The second period starts with a sunny day

followed by three days of partial sun.

The simulation model quite accurately predicts

the tenpcraturc rluflingmost of the tir!e--gcncrall~

within j-2-F. The largest errors cccur during

strong hmt.ing periods when discrr?p(]nci~sup to

8’F are okcrvcd.

Thccc+:parisons arr showrlon Figs. 3 and 4.

For wch graph, Lhc sy:.bnls● represent the mea-

sured qucmtity and the solid line rcprc~ents the

value :alcJldLrd by the simulation moriP1.

It is concluded thnt these particular pdssivc

collcctnr-stnrdgc clvrmts ar~ quite awnilhlo to

accuri+tcrci~rrscnt~tiorlsu~ing t.hctype and level

of simulation modols WUIloyPfI.

SI-TIOAMLYSIS FOR LOS ALAMS

Formchof the preliminary analysis done to

d&te, the Solar dnd weather data used were for the

los Alamosyear September 1972 to August 1973.

For this year, the total radiati~ on a horizontal

surface was 518,000 BTU/ft2 and the space heating

load (base: 65°F) was 7350 degree-days (18% higher

than normal for Los Alamos). This is a severe test.

For these initial studies the glass conductance was

characterized by a single constant tetm rather than

the non-linear, two-tefm representation shown In

Fig. 1. The results are useful to determine gen-

eral effects but the simple model over-predicts the

total performance by about 122. Five different

cases have been studied as follows: (see Fig. 5 for

designation of symbols).

Case O:

Case 1:

Case 2:—— .

~a5e. >:

Last 4:____

The room and storage are the same tem-
perature. (U1 is infinite. )

Storage is coupled thermally only to the
room. This case would represent massive
internal walls or furniture placed out of
the direct sunlight (UqS = O. UWS = 0).

Storage is plaml dir~c!ly in ~mwlt of
the glass. The sun shines on Jnd is ab-
sorbed by storaqc. St5raqe is therm.dlly
coupled to the c!lvirowclt tkro’~qhL4C
alass and also to tt?crwmn.
(Uar = o, Uw, = o).
St;rage is placed against the tmck WJ1l
out of the direct sun, This case would
represent mdssivc walls or roof insuldte:
on the outside. (Ugs = 0, Uwr = 0).

Storage is placed in the room in the
direct sun but Ioscs heat only to the
room. (Ugs=O, Uw~ ❑0).

rig, 5. Passivu SnlJr ‘IoltinqModrl,

12
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These cases are intended to represent Cmtt’eIMS.

Any real design may tend toward one or another case

but will actually be a mixture. For the prelimin-

ary study the U values were held constant although

in reality, they will vary with temperature dif-

ference, wind, and other influences. The glass

was assumed to be vertical, to face due south, and

to be unshodcd. Three glazings were studied:

1) Single glazing: Ug = 1.1 BTU/hr.ft2-OF.

2) Oouble glazing: Ug n 0.50 BTU/hr’ft2-OF

3) Night insulated double glazing: Ug ● 0.1,
5 i,.m,to 8 a.m.

A value of Uwr 9-”F was chosenof 0.5 BTU/hr”ft2

initially.

Astoragemdss of30BTU/ft~-”Fwas chosen.

This is equivalent to 30 lbs of water per sq ft of

glass or 150 lbs of concrete.

Lastly the room temperature was allowed to vary

5°F around a desired value of 700F. Therefore

TMin = 65°F and T = 758F,max

Simulation Results for a Case with Isothermal Storage-.—.—.— --—--—-——-— ---—.... .--—- .-—..—.—..-—.—-—.—..
It is instructive to observe the simulation re-

sults for a few days of cold weather. Figure 6

shows the 7-day interval betwee!lthe 31st of Oe-

cember and the 6th of January, Case 2 was chosen

for this calcu:atiollwith a value ofU3 = 1.0 13TU/

hr-ft~-°F. There was snow on New Year’s Eve fol-

lowed by two day> of cloudy weather and then cold

but sunny weather.

$CVEN DAYS lN WINTEll
Soo,

&pl
HR~

200 -

100 -

0-
U

m
c,-

SOLAR RAOIAIIONTRANSMITTED

-

“f
40

23

0

OK JAN. 107s

1 1 I I I 1 I 1 1

100 - WATER
T,“E
00 -

?0 -
311234Ac MY

EITU/FT.z ‘cc JAN,

OEMANO: 601 641 5?5 58P M 3 633 632
AUXILLAnY: 414 430 665 472 220 76 123

WEEKLY SOLAR FnACTION- 30”/.
ANNUAL SOLAR FRACTIOt.I - 73%

Fig, 6, Seven days in winter, simulation results.

SOLAR PERFORMRKE S’J:INARY(CASE

B~ft2 of Glass—. —--— ----------——---— .----—- —--

1:
11
1?

;
3
4
5
6
7
‘9

6073
8447
13617
15006
15865
13066
12650
10451
6861
4147
35?0
3?5?

. ... ---

36E32
31623
40108
39693
46150
3t!?130
34802
347E3
30510
33966
78398
312X3

4?6547

- .- - .-

2)

u

-.. . .—---.-

25311 6183 29R
22044 3479 21!! 5fi6
29331 638 4300 1032
29638 76?. 5788 1144
34253 017 4573 1202
27956 961 4C53 9t12
23904 472 5377 980
2?fifi2 650 3ofll 759
1flfj56 2583 842 366
2216? 83?1 123
1abl16 7413 L 28
20G60 8873 0 16

Yearly Summlry
296582 41152 30?14 7350

9’J.20
74.56
6R.4?
61.43
71.17
6FJ.98
57.49
70.5?
87.7?
99.96
100,00
100.00

73.?5
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In the follwing discussion the effect of var-

iations In various parameters will be shown, In

each case the simulation model was run repeatedly

varying one parameter at a time while holding the

others constant at the nominal values gfven above.

The circled point on each graph represents the

nominal case.

Figure 7 shows the yearly results for all five

cases as a function of the room-to-storage thermal

coupling factor, U1, All cases become equivalent

for large values of U1. Cases 2 and 4 are observed

to be appreciably better in Performance than the

others. These two cases are for a wall directly

heated by the sun. Clearly this is an enonms

sdvantage. Case 4 Is unrealistic for lW vtlues

of U, because the sun must shine through the room

to reach storage and this implies transparent in-

sulation, Case 2 is fairly representative of a

“drum-wall, ” in which the thermal storage is in

water contained in cans placed in front of the

glass wall.

It is significant to note that there exists

tn optimum value of U, for Case 2, The oPtimum

value is approximately 1,5 BTU/hr.”F-ft2t The

reason for the optimum is as follows, ~t h,gher

values of U1, storage loses too much heat to the

room during charging periods, This prevents stor-

age frtsn attaining higher temperatures and stor-

ing greater mounts of heat, At lower values of

THERMAL COUPLlt10 COEFFICIENT

~Jl, BTU/FT~-SF-HR

Fiqm 7. Effect of thcrm,llcouplinq bctwuvn room
and sf.oragc,

U1, storqie attains such high taaperaturos during

charging periods that it loses too much heat

through tbe glass to the environment. Clearly the

optimm valuo of U1 will dapmd on the chosen stor-

age heat capacity.

The effect of varying storage heat capacity

and glass insulation is shown In Fig. 8. Host of

the benefits of storage are obtained at a value of

30BTU/°F-ft;. The improvement obtained with double

glazing is very drmatic. In fact, a single glazed

wall without night insulation can hardly be con-

sidered a viable passive solar heating elenunt since

only 3CU - lar heating can be achieved even wl:b

large storage and the glass is a net loser at low

storage, The increased cffectiven~ss of insulating

the glass at night (for example, as in a beadwall)

ii imprdsslve. The cost-effectiveness of this

approach needs further study, Night insulation can

be seen to be far more important with single glazing

than with double glazing. Single glazing bccor:es

viable only with night insulation. A str~legy of

placing night insulation Dasea on oosertied cunfii-

tions rather than a timeclock would result in only

a small increase in performdncc (. 2“).

The effect of varying the glass area is in-

verse to the effect of varying tlie building thcrwal

load Uw. This is shown in Fig. 9,

WATER WALL
g 100% I I I I

F
-----

u

a 80% -

/H ------

e

0
~

~ 60°A -
w
s / DOUBLE GLASS (0,5)

~ 40%

Lk

/

SINGLE GLASS (1.1)

d
so

~ 209’0

i 1
a o LI~ ~

o 10 20 30 40 50

STORAGE HEAT CAPACITY, BTU~F=FT:

Fig, II. [ffuct of st.orllgc m,l%s,
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COLLECTOR SIZC ROONTEMPERATURC RANOC ‘F

‘o I
p+

QLAS8 AREA/BUILDINO LOAD, _
BTU/HR- ‘F

Fig. 9. Effect of glass area.

The effect of the allowable temperature swing

is shown in rig. lCJ. A variation of : 5°F may be

reasonable fnr a residence whereas a much larger

variation may be tolerable in other buildfngs such

as a warehouse or greenhouse, The effect of mass

Is also shown for both Cases 2 and 4,

Simulation with a masonl~y~ll.....................— — . ......
The example of Case 2 is somewhat representa-

tive of the concept developed at Odcillo, France

bylrombe and his colleagues utilizing a nasonry

wall, specifically a concrete wall, In the French

concept, a thenuocirculation path was provided by

perforations extending through the wall at the top

and bottom. The value of these perforations h~d

not yet tmcn cstahl!shcd ,~ndth{s effect was not

simulated,

In order to study the bnsic performance char-

acteristics of such a wall, ,1scolparrd to the case

of an lsothcrc:~lwall studlcriearlinr, the math-

ematical model was modified to dcscr,J~ the tir,:e

and one-dimensional spdcc dcpcndcnt thermal trans-

port of heat through the wall, Th{s was done by

simulation of the mdsonry temperature at the wall

surfaces and at several dlffvrent disttnccs Into

the wall.

The thermal prop(?rtiosused Jr the rmsonry

were as followb (typical of Ilrnsocnflcr(!t~):

oo~m J
tso

ROOM lCMPERATURE Variation

AROUND 70” f

Ffg. 10. Effect of allowable r~om temperature
varlatlon,

Meat Capacity: 30 RTU/ft3 “F

Thermal Conductivity: 1 dTUjft ‘F hr

The calculated wall temperatures are shown

on Fig. ha, llb, and 1’,c for the sarc seven-ciay

period shawn In Fig, 6 for three different wall

thicknesses--O,5 ft, 1 ft, and 2 ft. The da!ly

fluctuations felt on the inside wall surface are

markedly different for the three cases, being very

pronounced (-.45”F) for the thin wall and almost

non-ex{stcnt for the thick wall, The longer-tern

effect of the storm is observed on the inside of

the thick wall as a 10”F variation,

The net annual results of several such cal-

culations are sumnarizcd in Fig, 12. The net

annual thermal contribution of the three diffcrm’it

thicknesses of walls are nol mdrkedly diffi~rcnt,

In fact the 1 ft thick wall is the bust nf the

three--givlng an annual solar hc~tinq contribution

of 68’:. This compares with a v~luc of 73” for ~n

fsothcnnal wall with the sanm heat capacity. In

each case auxilirirycooli~I or heating WJS assumoci

to maintain the room tcmpvr,lturcwithin the hound>

given previously, Althollqhthr net thcrnml con-

tribution of the thin wall antithick wall CIISPS,lrc

nearly tho Sd!nc,thr!amount of control rcquircri

for the

{n room

lCSS,

thick wall {s much 1(’ssand thu v~rln~ion

tcmpcr,lluruwlth{n thn set boun,l~ts much

15
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WALL TCMPERATUWC8 ffFECT OF WALL TF8CKNESS

AND THERMAL CONDUCTIVITY

1,

(a)

WALL TCwCRATURCS

1,9

(b)

silt J4a9 7 OAvo

WALL TEMPERATURES

t’

(c)

J

all Is46 c DAYS

Fig. 11. Time response of a masonry wall for a
onc-week pwiod.

rr-————l

Fig, 12.

I
i THERMAL CONDUCTIVITY

BTU/FT-°F-HR
1

()~
o Lo 20

THICKNESS, FT.

Yearly performance of a passive masonry
wall as a function of thickness for
various thcnnal conductivities,

The effect of variations in wall thermal con-

ductivity is also shown in Fig, 12. The isothctmdl

wall corrcspmc!s to the infinite conductivity cjse.

It can be seen that for each conductivity there

emists a thickness which will give a maximum yearly

solar energy yield. The optimum thickness decreases

as the thermal conductivity decreases. Annual

heating performance, of course, is only onc con-

sideration in the selecticm of wall naterials and

wall thickness,

Results for Other Climates.—. ---.—- ....... ........
In the analysis for other climates, the moru

detailed simulfltionmm-lclof the glazing layers

was used as shown in Fig, la lhi~ more accurotc

representation m~kcs a significant diffcrcnrc--thc

annual solar hcat{nq fr~ction for Los AlanInswds

reduced from 6H. to 56 in one cdsc. Sinco th~

more complex model Ims IICIJIIvalldatrd against the

test room data, it is more to bc bclfcved,

Several changes in the morll~lare rcsponsihlr for

the change. Probably thcmost siqnif~cdnt is a

more dctflilcdaccounting of the transnl~s~ionof

diffuse and rcflectcd soldr cncryy.

16

.



tiourly values of solar radiation and weather

data were obtained from the N~tional Weather Ser-

vice, A specific one-year period is selected for

the hour-by-hour simulation analysis. For Madtson,

Wisconsin the year chosen is July, 1961 through

June, 1962, The results of a parametric study of

the ●ffect of Lnennal storage mass is shown In

Fig. 13 for the four cases studied. As had been

noted in a previous preliminary analysis, there is

an optimum thickness of about one foot for the mas-

onry wall. From calculations done for other loca-

tions it is determined that this optimum does not

depend on climate.

A study of the effect of climate on performance

is given in Table I. These calculations are all

for a thermal storage ~ass of 45 BTU/°F ft~

(w 18” O! concrete or 8,6” of water), Although

some cases are clearly better tharlothers, all seem

to bc viable approaches to solar heating in all the

climates Studied. The effectiveness of the thermo-

circulation vents is pronounced in the colder cli-

mates,

The ultimate measure of cost-effectiveness of

these concepts will be the heating energy delivered

to the building by the solar wall. These annual

values are given in Table 11 for the particular

case of the 18” Trombe wall,

TABLE 1

ANNUAL REsuLn Fort THER4AL STORAGE

■ 45 BTU/5F ft2
9

city—— ..-..——

Santa Maria

Dodge City

Bisnmrck

8oston

Albuquerque

Frcsno

Madis~.~

Nashville

Mcdford

Annual Pcrccnt solar }Ieating—. —— ....——-— ...—-.
Ww Sw—— TN TW&~T;fl~B~..— .—

99.0 98.0 97,9 97,3 98.0

77.6 69,1 71,8 62,8 73,6

49,0 41.3 46,4 31,1 47,6

60.0 49,8 56.8 44,9 56.7

90,13 84.4 B4.1 01.8 07,5

85.5 82.4 83.3 78.0 83.4

43.1 35,2 41,6 24.7 42.0

68.2 G0,7 65.2 54.1 65,4

59.0 53,3 56.1 42,2 56,8

—WATER WALL
.........TROMBE W.AU
‘“—~&~~ venl cenlml—.

,’
\

“n

\

‘\

Fig, 13. Effect of storagr mirss and w~ll type or
the p.er-form,lncnnf a thcr)ll st.oragp
wall passlvr?s~lar heatinq sysrom in
Madison, Wisconsin, The weather d,~t,l
used are for 1961-62 (7930 dcqrec-ddys),
Load = 0,5 9TU/hr ‘F ft2.

~

Ww : Water W(I1l
ski: Solid Wall (no vents)
TW; TrolubcW,l;l(IICIrcvcrsr vent flow)
TW(A): TrolllhcW,Illwith vrnt~ nl~~nJt JI1 tinws
Tw(B): Trombe W,II1wilt}thcn!!ostdticvent

control
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TABLE 11

ANNUAL SOLAR HEATING RESULTS FOR 29 VARIOUS CLIMATES

Case: 18 tn. Trombe Hall

Therml Conductivity = I BTu/ft hr ‘F

Heat Capacity = 30 BTU/ft3 “F

Vent Size ❑ 0,074 ft2/ft of length (each vent)

NO reverse thermocirculation

Load (U,) = 0.5 BTU/ft2 “F hr

Temperature band = 65°F to 75’F

city—

Los Alamos, NH

.E1 Paso, TX

Ft. Worth, TX

Madison, WI

Albuquerque, NM

Phoenix, AZ

Lake Charles, LA

Fresno, CA

Mcdford, OR

Blsmarck, iiD

Ncw York, NY

Tt311dhaSSQe, FL

Dodge City, KS

Nashville, TN

Santa Maria, CA

Boston, MA

Chdrlcston, SC

Los Angeles, CA

Seattle, WA

Lincoln, HE

Boulder, CO

Vancouver, BC

Edmonton, ALB

Winnipeg, Man

Ottawa, Onto

Frcdcrlcton, !/0

Hamburg, Genu~nj

Dcrimark

Tokyo, Japan
... -.-—..

Year
Starting——

9/1/72

7/1/54

7/1/60

7/1/61

7/1/62

7/1/62

7/1/57

711157

7/1/61

7/1/54

6/1/58

7fl/59

7/1/55

7/Jj55

7/1/56

7/1/57

7;1/63

7/1/63

7/J/63

7/1/58

1/1/56

1/1/70

1/1/70

111/70

1/1/70

1/1/70

1/1/73

?
?

Heating
Degree-
Da~—.

7350

2496

2467

783C

4253

1278

1694

2622

5275

S238

5254

178b

5199

3805

3065

5535

2279

1700

5204

5995

5671

5904

11679

11490

tin38

8,:34

6512

6843

3287

Latitude

35.8

31.8

32.8

43.0

35.0

35,5

30.1

36,8

42.3

46,8

40.6

30.3

37.8

36,1

34.B

42,3

32m8

34.0

4?.5

40.9

40,0

49,1

53,5

49.13

45,3

45.8

53.2

56

34.6

Solar
Heating,*

BTU/ft$

60,200

50,000

38.200

44,900

63,600

38.300

3C,300

43,200

47,400

53,900

48,000

40,700

58,90’)

39.500

69,800

47,100

47,900

53,700

42,400

53,500

62,500

46,000

37,709

33,;00

37,900

40,100

24,900

43,100

50,300

Solar
Heating
Fraction,
Percent

56.5

97.5

80.8

41.6

84.1

99.0

+0.5

83,3

56.1

46,4

60.2

97,3

71,8

65.2

97.9

56.8

89.3

99,9

52.2

59,1

70.0

52.7

24,7

22.6

31.9

33,9

27,5

43.8

85.8

●

The vdlucs in thr “,oldr lIIati II~I c]lu”n dI’P “he net cncrov flow throlinh

.
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